Parkinson's disease primarily results from progressive degeneration of dopaminergic neurons in the substantia nigra. Both neuronal toxicants and genetic factors are suggested to be involved in the disease pathogenesis. The mitochondrial toxicant 1-methyl-4-phenylpyridinium (MPP + ) shows a highly selective toxicity to dopaminergic neurons. Recent studies indicate that mutation in the vacuolar protein sorting 35 (vps35) gene segregates with Parkinson's disease in some families, but how mutation in the vps35 gene causes dopaminergic cell death is not known. Here, we report that enhanced VPS35 expression protected dopaminergic cells against MPP + toxicity and that this neuroprotection was compromised by pathogenic mutation in the gene. A loss of neuroprotective functions contributes to the pathogenesis of VPS35 mutation in Parkinson's disease.
Introduction
Parkinson disease primarily results from the progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc). While dopamine replenishment treatment temporally ameliorates the symptoms of Parkinson's disease including bradykinesia and muscle rigidity (1, 2) , no treatment effectively prevents the disease from progression (3) . Most Parkinson's disease cases are sporadic without a definitive cause, but about 10% of the cases have genetic mutations in the individual genes including alpha-synuclein, Leucine-Rich Repeat Kinase 2 (LRRK2), parkin, DJ-1, and PTEN-induced putative kinase 1 (PINK1) (4) (5) (6) (7) (8) (9) (10) (11) . Recent studies on human genetics suggest that mutations in the vacuolar protein sorting 35 (VPS35) gene segregate with Parkinson's disease in some families (12, 13) . How VPS35 mutation leads to dopaminergic cell death remains to be determined.
VPS35 is a critical component of retromer complex that consists of VPS26, VPS29, and VPS35 in mammals (14) (15) (16) . Retromer complex takes part in the recycling of lipids and proteins from plasmas membrane to Golgi complex and plays an important role in cell functions and survival. Deletion of VPS35 or VPS26a causes lethality in knockout mice (14, 15) . VPS35 also regulates the transport of mitochondrial-anchored protein ligase from mitochondria to peroxisomes (17) , implying that VPS35 regulates mitochondrial functions. Mitochondrial defect is implicated in PD pathogenesis. Deficiency in PINK1 or Parkin causes mitochondrial defects in animal models (18, 19) . Rotenone and 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) induce dopaminergic neuron death by inhibiting mitochondrial complex functions (20, 21) . MPTP itself is not toxic, but in glial cells MPTP is metabolized into the toxic cation
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International Publisher 1-methyl-4-phenylpyridinium (MPP + ) that can be taken up primarily by dopaminergic neurons (3, 22) . MPP + interferes with complex I of the electron transport chain in mitochondrion, causing cell death. It is not known whether VPS35 protects dopaminergic cells against the mitochondrial toxin MPP + and how pathogenic mutation in VPS35 affects such a neuroprotective function.
Here we examined the effects of wild-type and mutant VPS35 on MPP + cytotoxicity in dopaminergic N27 cells. VPS35 overexpression protected N27 cells against MPP + toxicity and this protection was impaired by a pathogenic mutation.
Results and Discussion
VPS35 mutation and mitochondrial defect are both implicated in Parkinson's disease. To examine how VPS35 modifies the cytotoxicity of the mitochondrial toxicant MPP + , we decided to overexpress human VPS35 with or without a pathogenic mutation in a dopaminergic cell line-N27 and thus to test the effects of wild-type and mutant VPS35 on MPP + cytotoxicity (23) . We chose an adenoviral system for robust and comparable gene expression ( Figure 1A ). To monitor transgene expression in living cells, we co-expressed green fluorescence protein (GFP) in the same transcript as human VPS35. As GFP was translated from the internal ribosome entry site (IRES), the robustness of GFP expression was relatively much low ( Figure 1A-J) . GFP was detected in the cells infected with adenoviral vector (Figure 1E-G) and not in the cells without adenoviral infection (Figure 1B-D) . GFP fluorescence well colocalized with VPS35 immunostaining ( Figure 1H-J) . Immunoblotting confirmed that adenoviral vectors substantially expressed human VPS35 in infected cells ( Figure 1K ). Overexpression of wild-type or mutant VPS35 produced no effects on cell growth and survival as revealed by MTS viability assay ( Figure 1L ). GAPDH immunoreactivity serves as an internal control for equal loading. (L) MTS assay reveals no effect of VPS35 overexpression on cell viability in N27 cell culture. N27 cells were infected with adenovirus expressing WT or D620N human VPS35 for 72 hours and cell viability was assayed with MTS kit. Data are means ± SEM (n = 5).
Adding mutant VPS35 to cultured dopaminergic cells was insufficient to induce severe phenotypes such as cell death (Figure 1 ), but pathogenic mutation may compromise the cell-protective functions of VPS35 particularly when the cells are challenged with exogenous stress. We decided to test whether VSP35 protects cells against the mitochondrial toxicant MPP + . Wild-type VPS35 protected N27 cells against MPP + toxicity and this protection was decreased when VPS35 was pathogenically mutated (Figure 2 ). To extend our finding in cell line, we further tested VPS35 neuroprotection in primary culture. Rat mesencephalic culture was enriched with dopaminergic neurons and transduced with adenoviral vectors expressing human VPS35 with or without a pathogenic mutation. Viral expression of human VPS35 protected mesencephalic neurons against MPP+ toxicity and this neuroprotection was decreased when the gene contained a pathogenic mutation (Figure 3 ), confirming our finding N27 cell lines. As a member of retromer complex, VPS35 may facilitate the reuse of key transporters such as vesicular monoamine transporter type 2 (VMAT2). VMAT2 entraps toxicants such as MPP + and protects against its neurotoxicity. Pathogenic mutation in VPS35 may decrease its normal functions and compromise its neuroprotective effects.
To further test neuroprotective functions for VPS35, we attempted to knock down VPS35 expression in N27 cells. We used adenoviral vectors to achieve desirable expression and expressed VPS35 shRNA within an artificial intron upstream of GFP gene. Therefore, shRNA expression can be monitored indirectly by observing GFP fluorescence ( Figure 4A ). We selected three shRNA targeting sites within the opening reading frame (ORF) of rat VPS35 and found that two of the three shRNA knocked down VPS35 expression efficiently ( Figure 4B-C) . Reducing VPS35 expression by about 70% did not affect the viability of N27 cell culture and the protection of VPS35 against MPP+ toxicity ( Figure 4D-E) . A significant residue of VPS35 protein was observed in knockdown cells ( Figure 4C) ; thus, partial VPS35 reduction might be insufficient to produce a marked effect on its functions. Indeed, heterozygous VPS35 knockout mice do not develop severe phenotypes though the homozygous knockout embryos die at early embryonic stages (14) . A minimal level of VPS35 expression appears to be sufficient for maintaining its functions. In summary, our studies showed that VPS35 provides protection for dopaminergic cells against the mitochondrial toxicant MPP + . The protective function of VPS35 is compromised by a pathogenic mutation. A limited expression of VPS35 appears sufficient to maintain its functions, at least in cell culture. Knocking down VPS35 expression produced no effect on cell viability in N27 cell culture. Data are means ± SEM (n =5). Cells were infected with adenovirus expressing VSP35 shRNA (shRNA-886, -887, or -888) for 72 hours and VPS35 knockdown and cell viability was assayed afterwards (B-D). (E) N27 cells were infected with shRNA viral vector for 24 hours and then were treated with MPP + for 48 hours. After MPP + treatment, cell viability was determined with MTS kit. Data are means ± SEM (n = 5). * p < 0.05.
Materials and Methods
Production of adenoviral vectors for expressing human VPS35. Human VPS35 open reading frame (ORF) was PCR-cloned from human brain cDNA pools (Invitrogen) and the pathogenic mutation D620N was introduced by PCR-based mutagenesis. Resulting VPS35 ORF was verified by sequencing and was inserted between Pme1 and Xho1 sites of pacAd5CMV-IRES-GFP plasmid (Cell Biolabs, San Diego, CA, USA). The following three regions in rat VPS35 ORF were selected for constructing shRNA vectors:
5'-GGCTGTGAAAGTTCAATCATTCC-3' (shRNA-886), 5'-CAAGCTGATGGACGCTCTGAAA CA-3' (shRNA-887), and 5'-GGACTTCTATGTTATC ACCAAAGA-3' (shRNA-888). Individual shRNA was built to target one of the three selected regions using an established protocol (24) . Each shRNA was inserted between BamH1 and Nhe1 sites of pacAd5miR-GFP vector (Cell Biolabs, San Diego, CA, USA). Individual transgene expression adenoviral vector was co-transfected with pacAd5-9.2-100 vector into Ad293 cells for homologous recombination and for viral particle formation. Adenoviral particles were harvested and amplified in Ad293 cells. Raw viral particles were used for infecting N27 cells.
Cell culture and viability assay. Ad293 cells were cultured in DMEM medium supplemented with 10% FBS and antibiotics as instructed by the provider (Cell Biolabs, San Diego, CA, USA). N27 cells were cultured in DMEM medium supplemented with 10% FBS and antibiotics (ampicillin/streptomycin). In the morning of adenovirus infection, cells were split into 24-well culture plate at a confluence of 40% and were infected with individual adenoviral vector 6 hours after plating. Each well of 24-well culture plate was added with 10 µl of original adenoviral solution. GFP expression was monitored under a fluorescence microscope. Infected cells were further challenged with MPP + (Sigma) at indicated concentrations for defined times. Cell viability was determined using a 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) assay according to manufacturer's instruction (Promega) as described previously (25) . Statistical significance between experimental groups was analyzed by unpaired t test and p value less than 0.05 was considered of significance. Dopaminergic neurons were obtained from rat embryos at embryonic day 15 using a published protocol (26) .
Immunoblotting and immunofluorescence staining. Cells were washed with cooled PBS twice and then were mechanically scraped off culture plates. Cells were lyzed in 1X RIPA buffer and cleared cell lysates were determined for protein concentration. Protein composition in cell lysates was resolved on SDS-PAGE gel and transferred onto GeneScreen Plus membrane (Perkin Elmer, Wellesley, MA, USA). Immunoreactivity for VPS35 and GAPDH was determined by incubating the membrane with primary antibody to VPS35 (Novus, Littleton, Colorado, USA) or GAPDH (Sigma). Primary antibodies were diluted at 1:2000 and the secondary antibodies were diluted at 1:1000. Immunoreactivity was visualized with Super-Signal kit (27) . For double-labeling fluorescence staining, cells were fixed in 4% paraformaldehyde for 30 minutes and washed in 1X PBS twice. Fixed cells were incubated with primary and secondary antibodies sequentially and immunoreactivity was visualized with a Nikon fluorescence microscope as described previously (28) .
